Objective Acyl-CoA oxidase (ACOX1) deficiency is a rare disorder of peroxisomal very-long chain fatty acid oxidation. No reports detailing attempted treatment, longitudinal imaging, or neuropathology exist. We describe the natural history of clinical symptoms and brain imaging in two siblings with ACOX1 deficiency, including the younger sibling's response to allogeneic unrelated donor hematopoietic stem cell transplantation (HSCT). Methods We conducted retrospective chart review to obtain clinical history, neuro-imaging, and neuropathology data.
Introduction
Peroxisomes are single-membrane organelles that conduct multiple biochemical reactions including reduction of hydrogen peroxide, synthesis of plasmalogens and bile acids, and oxidation of very long chain fatty acids (VLCFA). Inherited deficiencies of peroxisomal assembly genes prohibit the formation of peroxisomes and impair function of all peroxisomal reactions. Clinical entities representing defects of peroxisomal biogenesis include Zellweger syndrome, neonatal adrenoleukodystrophy (N-ALD), and infantile Refsum syndrome. Inherited deficiencies of peroxisomal straight chain VLCFA β-oxidation include only straight-chain acyl-CoA oxidase (ACOX1) deficiency (also known as "pseudo-neonatal ALD") and X-linked adrenoleukodystrophy (X-ALD). These two disorders share symptoms and biochemical characteristics, with varying age of onset and velocity of disease progression. The "cerebral" form of X-ALD, which manifests as neurological deterioration with inflammatory central nervous system (CNS) demyelination, is treatable using hematopoietic stem cell transplantation (HSCT), provided that the procedure is performed early in the course of the disease when demyelination is limited (Miller et al 2011; Peters et al 2004; Shapiro et al 2000 . Until this report, no attempt at treatment had been made for ACOX1 deficiency. The straight-chain acyl-CoA oxidase enzyme [ACOX1, E.C. 1.3.3.6] catalyzes the first step of VLCFA β-oxidation. ACOX1 deficiency [OMIM 264470] was first recognized in a pair of siblings with severe neonatal hypotonia, seizures, and neurodegenerative course (Poll-The et al 1988) . Originally diagnosed with N-ALD, their studies demonstrated intact peroxisomes and plasmalogen synthesis, but severely decreased VLCFA β-oxidation that was traced to ACOX1 deficiency.
In this report, we describe the natural history and biochemical findings in two siblings with ACOX1 deficiency. In addition, representing the first time for this disorder, we report results of hematopoietic stem cell transplantation in the younger sibling and findings from serial brain imaging, biochemical analysis of VLCFA β-oxidation from cultured neural stem cells, and CNS histopathology.
Subjects and methods

Clinical history
The CHOC Children's institutional review board (IRB) granted "exempt" status to conduct retrospective chart review of the two siblings. Hematopoietic stem cell transplantation was performed following parental consent under CHOC Children's IRB #s IH02-022 and IH02-023.
Neural stem cell culture Parental consent was provided under CHOC Children's IRB #IH01-001 for the harvesting of neural progenitor cells. Methods of postmortem brain dissection, cell isolation, culture, and passage were previously described (Schwartz et al 2003) .
Cell culture β-oxidation assay Parental consent (John's Hopkins University IRB #83-03-01-01) was obtained to perform cell culture assays. Production of radiolabeled fatty acid degradation products was measured in cell suspensions as previously described (Jia et al 2007) . Protein was measured by the method of Lowry (Lowry et al 1951) .
Histopathology and immunohistochemistry
Serial sections of the brainstem and cerebellum were stained with Bielschowsky silver (axonal) and Luxol fast blue (myelin) histochemical stains, as well as neurofilament (axonal) and myelin basic protein (myelin) immunohistochemical stains.
Results
Patient 1 manifested hypotonia and poor head control at 3 months of age following an unremarkable pregnancy, delivery, and neonatal course. Parents were of Mexican descent and denied consanguinity. Brain magnetic resonance imaging (MRI) was normal at 8 months but began demonstrating white matter abnormalities at 12 months. She sat at 12 months of age, stood upright at 18 months of age, and walked without support at 3 years of age. She was responsive and babbled. At 24 months, brain MRI demonstrated extensive corticospinal tract and bi-hemispheric T2 hyperintensity with cortical atrophy. Developmental regression began at 3.5 years with rapid loss of all vision, hearing, gross motor, and verbal skills. Profound bilateral sensorineural hearing loss was found on brainstem auditory evoked response (BAER) at 3.8 years. She was referred for evaluation to one of the authors (JA) at 4.3 years. By then, T2 hyperintense demyelinating brain lesions on MRI were widespread and characteristic of ACOX1 deficiency (Fig. 1a-c) . At 4.5 years, partial seizures manifested that became refractory to anti-epileptic medications. She became non-interactive and had multifocal epileptiform discharges on electroencephalography (EEG). Physical examination demonstrated horizontal nystagmus, severe truncal hypotonia, appendicular hypertonia, hyperreflexia, and spontaneous clonus. She died at age 6 years.
Her electrolytes, transaminases, and bilirubin levels were normal. Biochemical assays indicated an isolated peroxisomal β-oxidation defect: plasma and fibroblast VLCFA (C26:0, C26:1) concentrations were elevated, fibroblast peroxisomal VLCFA β-oxidation was deficient, while other markers of peroxisomal function were intact (Table 1) . VLCFA concentrations were also elevated in the medium of cultured patient fibroblasts when compared to control fibroblast medium (data not shown). Peroxisomal VLCFA β-oxidation studies performed on her neural stem cells demonstrated deficient C24:0 oxidation activity compared to unaffected control stem cells. C16:0 β-oxidation in both patient and control stem cell lines was intact (Table 1) .
Major gross postmortem findings were prominent atrophy and inflammatory demyelination of the cerebrum and cerebellum (Fig. 2) . The right hemibrain weighed only 323 g (expected 600-650 g). The cerebral (Fig. 2a) , cerebellar (Fig. 2c) , and brainstem (Fig. 2e ) white matter were severely myelindeficient. In the brainstem, severe myelin pallor with volume loss was grossly evident in the cerebral peduncle and medullary pyramid; the basis pontis was also small. Within the cerebrum, myelin deficiency was more pronounced occipitally than frontally, with relative sparing of intragyral white Demyelination of the cerebellar deep white matter, cerebellar peduncles, and brainstem corticospinal tracts was more severe in patient 1 than patient 2. Cerebellar atrophy was also present in both siblings. Contrast enhancement was observed only in patient 1. b, e Demyelination of the corpus callosum, posterior limb of the internal capsule, and basal ganglia were present in patient 1, while patient 2 demonstrated no demyelination of internal capsule or basal ganglia. c, f Periventricular and subcortical demyelination, and cerebral atrophy, were again more severe in patient 1 than patient 2 matter and arcuate fibers. Microscopic observations ( Fig. 3 and Supplemental Fig. 1 ) in the white matter were consistent with the gross findings and were virtually indistinguishable from those seen in X-ALD. There was myelin pallor (Fig. 3a) , prominent frontal perivascular and intraparenchymal infiltrates composed of lymphocytes ( Fig. 3c and e), activated macrophages ( Fig. 3g) , and microglia. Gray matter throughout the CNS was marked by profound neuronal loss and gliosis (Supplemental Fig. 1A and 1C) .
Patient 2 was born after the diagnosis of ACOX1 deficiency was made in his older sister. Prenatal and postnatal testing for ACOX1 deficiency were offered, but parents declined. He was hypotonic at birth, and then experienced a seizure at 3 months prompting metabolic evaluation showing elevated plasma straight-chain VLCFA levels (Table 1) . Regular surveillance with hearing, vision, brain MRI, and developmental assessments began thereafter. Visual evoked responses were normal at 3 months, but BAER at 4 months indicated bilateral delayed conduction through the auditory nerve and lower brainstem. Transaminase, bilirubin, and cortisol levels were normal. He began rolling at 6 months; babbling, sitting, and crawling at 12 months; pulled to stand at 17 months; walked with assistance at 28 months; and spoke his first word at 30 months.
Supportive care was initially recommended due to the degenerative natural history of the disorder. However, when neuropathology resembling X-ALD was appreciated after his sister's passing, HSCT was considered as a possible diseasearresting therapeutic intervention. Brain MRIs were normal until 23 months, when pontine medial lemnisci began to demonstrate nonenhancing symmetrical T2 hyperintensities ascending into the midbrain by 33 months. There was also incipient demyelination in the cerebellar white matter and brainstem corticospinal tracts (Supplemental Fig. 2A-C) . His Loes score (Loes et al 1994) , used to assess radiographic severity of cerebral involvement and ranging from 0 (no demyelination) to 34 (globally severe demyelination), was 2. Due to consistently successful neurologic outcomes reported in cerebral X-ALD patients transplanted with Loes scores less than 9 (Peters et al 2004) , we proceeded with HSCT at 3 years. His conditioning regimen consisted of intravenous immune globulin × 1 day, fludarabine 30 mg/m 2 × 3 days, pharmacokinetically targeted busulfan 0.8 mg/kg Q6hr× 4 days, and cyclophosphamide 50 mg/kg/day×4 days. He then received an allogeneic unrelated (7/10 HLA allele match) marrow transplant with 9×10 8 nucleated cells/kg (9.3×10 6 CD34+ cells/kg; 1.05×10 8 CD3+ cells/kg) followed by cyclosporine and methotrexate for graft-versus-host disease Plasma VLCFA levels and ratios were elevated in both patients compared to normal, above the ranges of X-ALD hemizygotes and below the ranges seen in Zellweger syndrome. Phytanic and pristanic acid levels were normal. Afterwards, he continued to be hypotonic with stagnation of psychomotor development. Ophthalmologic examination demonstrated early pigmentary retinopathy. At age 3.5 years (+6 months post-transplant), he experienced precipitous psychomotor regression following a respiratory infection and exacerbation of cutaneous GvHD, which was controlled only following high-dose corticosteroid therapy for 5 months. Mechanical ventilation and tracheostomy placement were required due to respiratory failure. A gastrostomy tube was placed because dysphagia and aspiration developed. Plasma VLCFA levels and ratios remained elevated (Supplemental Fig. 3 ). Chronic grade I cutaneous GvHD persisted, requiring ongoing corticosteroid treatment that resulted in transient cytomegalovirus (CMV) reactivation and adrenal cortical suppression. Mineralocorticoid production and response were intact. Transaminases were normal except during the CMV reactivation. Despite consistently full donor engraftment, he remained minimally interactive, hypotonic, and became areflexic at 3.8 years. He died at age 6.75 years from pneumonia. Serial brain MRI examinations offered the opportunity to study the progression of the CNS pathology. There was progressive atrophy of the cortical gray matter and cerebellar dentate nuclei. T2 hyperintensity of the corticospinal tracts were first seen in the medullary pyramids and basis pontis at 36 months (Supplemental Fig. 2A ), ascended into posterior limbs at 46 months (Fig. 1d) , and subcortical white matter at 60 months (Supplemental Fig. 2F ). Contrast enhancement was only noted in the corticospinal tracts and basis pontis at 36 months, with none following transplant. White matter abnormalities were not as severe as his sister's brain MRI performed at a similar chronologic age (Fig. 1d-f ), but eventually were widespread throughout all the CNS (Supplemental Fig. 2  D-F) . Prior to his death, brain imaging demonstrated continued gray matter atrophy and non-enhancing demyelination.
The neuropathology of patient 2 was similar, but less severe, than what was observed in patient 1. Right hemibrain weight was 525 g (expected 600-650 g). There was perisylvian polymicrogyria that was most severe in the insula. The overall pattern of myelin pallor in the cerebrum (Fig. 2b) , cerebellum (Fig. 2d) , and brainstem (Fig. 2f ) was similar to that in patient 1, but cerebral demyelination appeared less severe. Cerebral atrophy was relatively mild (Fig. 2b) , but Fig. 2 Gross neuropathology of the right hemispheres. Overall, patient 2 appeared to have less demyelination compared to patient 1. In each panel, white arrows point to areas of myelin pallor. a, b Coronal sections revealed pallor and loss of cerebral white matter volume in both patients, as well as striking cortical atrophy in patient 1. Subcortical U-fibers were spared. c, d Myelin pallor was observed in cerebellar white matter, with significant atrophy of the vermis. e, f There was also profound myelin pallor in the cerebral peduncle more pronounced in the cerebellum (Fig. 2d) and brainstem (Fig. 2f) . Microscopically, there was deficient myelin (Fig. 3b) , but perivascular lymphocyte ( Fig. 3d and f) , activated macrophage (Fig. 3h ) infiltration, and neuronal loss (Supplemental Fig. 1B) were less striking compared to what was observed in patient 1.
Sequence analysis of all exons and flanking intronic sequences of the ACOX1 gene in patient 2 demonstrated a previously unreported, presumed homozygous c.1195C>T (p.His399Tyr) mutation. Parental genotypes could not be obtained. The histidine at amino acid position 399 is highly conserved across many species and immediately adjacent to an active site residue (Tyr401). The c.1195C>T mutation is not present in the SNP or control chromosome databases, and is predicted by PolyPhen-2 to be "probably damaging" and by SIFT to "affect protein function" (Adzhubei et al 2010; Kumar et al 2009) .
Discussion
Straight-chain acyl-CoA oxidase deficiency is a rare disorder of peroxisomal very long chain fatty acid β-oxidation. Since Fig. 3 Microscopic neuropathology of the cerebral white matter, superior frontal regions (h & e stains and DAB immunohistochemistry). a, b Low power views revealed marked pallor of cerebral white matter, which was more severe in patient 1, along with sparing of subcortical U-fibers. c, d Perivascular inflammatory infiltrates were prominent in patient 1 (arrow), but sparse in patient 2. Gliosis was marked in both sections. e, f CD3 immunostains revealed perivascular T cells in patient 1 (arrows), as well as scattered infiltrating T cells in both patients. g, h CD68 immunostains showed marked macrophage infiltration, with much stronger staining intensity in patient 1. Scale bars: 1 mm (a, b), 200 um (c-h) the disorder was first recognized, a total of 31 patients have been reported (Carrozzo et al 2008; Ferdinandusse et al 2007 Ferdinandusse et al , 2010 Kurian et al 2004; Rosewich et al 2006; Suzuki et al 1994 Suzuki et al , 2002 Wanders et al 1990; Watkins et al 1995) . With the exception of two ACOX1 adults, the natural history of the disease follows a fairly consistent pattern of infantile-onset hypotonia, seizures, delayed acquisition of early developmental milestones, followed by rapid developmental regression between 24 and 48 months of age. Advanced patients become non-interactive, non-ambulatory, areflexic, and die in early childhood. Retinitis pigmentosa, vision abnormalities, and hearing loss are also common manifestations, while facial dysmorphism, hepatic dysfunction, and adrenal insufficiency are less frequently reported findings. There are no clear genotype-phenotype correlations as the p.Arg210His mutation found in the ACOX1 adults and the p.His399Tyr mutation found in our patients are both highly conserved mutations predicted in silico to be deleterious, and result in impaired ACOX1 catalytic activity (Ferdinandusse et al 2010) .
In contrast to the well-described neuropathology of more common peroxisomal disorders, there was essentially none regarding that of ACOX1 deficiency until this report. The posterior predominance of demyelination; sparing of arcuate and intragyral myelin; presence of lesions at different stages of evolution; and inflammatory infiltrates consisting mostly of activated macrophages, microglia, and lymphocytes are also observed in X-ALD, N-ALD, and bifunctional enzyme deficiency (Powers and Moser 1998; Schaumberg et al 1975) . In contrast, certain neuropathological features from our cases distinguish ACOX1 deficiency from other peroxisomal disorders. Cerebral and cerebellar cortical atrophy are prominent early findings, in contrast to X-ALD, where gray matter atrophy occurs in advanced disease. The combined gray and white matter disease in ACOX1 likely reflects its expression in oligodendrocytes, astrocytes, and CNS neurons (Fouquet et al 1997) . In rat CNS neurons, ACOX1 expression is most prominent in the giant neurons of neocortical layer V, pontine nuclei, cerebellar Golgi and Purkinje neurons (FarioliVecchioli et al 2001) , which mirror the sites of greatest gray matter damage in the patients presented. Expression of ABCD1, the transporter deficient in X-ALD, is limited to astrocytes and oligodendrocytes but not neurons (Fouquet et al 1997) , consistent with X-ALD as primarily a white matter disorder. The caudal-rostral progression of myelin loss observed in our patients resembles X-ALD, while the perisylvian polymicrogyria in patient 2 appears to be characteristic of ACOX1 deficiency.
Our group was fully cognizant that HSCT had never been performed in ACOX1 deficiency but we reasoned that transplantation offered a chance to prevent him from following the same clinical course as his older sibling. We ensured that his parents fully understood the risks of HSCT and the uncertainty of neurologic outcome before proceeding. Unfortunately, HSCT did not alter the clinical course of ACOX1 deficiency in patient 2, but comparison of neuroimaging and brain pathology in the siblings provide insights into the effects of HSCT upon the CNS. While patient 2 did experience progressive demyelination, he demonstrated less demyelination and cortical atrophy compared to brain MRIs obtained at similar ages in his untransplanted sister. Additionally, the absence of MRI contrast enhancement and marked reduction of macrophage, microglia, and lymphocytic infiltrates point to transplant-induced amelioration of CNS inflammation. Other positive effects of HSCT included preservation of choroid plexus epithelial cell count and reduction of CNS macrophages bearing membrane-bound spiculated inclusions (Supplemental Fig. 4) , which are thought to be modified VLCFA-containing myelin remnants and are indistinguishable from those described in X-ALD (Ghatak et al 1981; Powers et al 1982) .
There are several possibilities for the clinical deterioration and progressive demyelination in patient 2 despite HSCT. First, patients with X-ALD demonstrate continued demyelination for 12-18 months post-transplant before the process stops because the therapeutic effect of donor microglial reconstitution is not immediate (Aubourg et al 1990) . In addition, gray matter atrophy may have continued as a sequela of the conditioning regimen, chronic GvHD, or subsequent corticosteroid therapy, all findings that have been reported in HSCT survivors (Padovan et al 1998) . Chronic corticosteroid use is known to cause cerebral atrophy by potentiating neuronal apoptosis, suppressing dendritic mass and synaptic junction formation (Zivadinov 2005) . The "critical window" for transplant efficacy in ACOX1 deficiency may be much earlier than that of X-ALD. Prior to transplant, patient 2 already had hypotonia and developmental delay; X-ALD patients with neurological involvement at HSCT demonstrate worse outcomes compared to those who are asymptomatic (Miller et al 2011) . One final possibility is that HSCT, while able to address demyelination arising from CNS inflammation, cannot prevent neuronal loss caused by ACOX1 deficiency and the secondary loss of axons and myelin that follows. This possibility is supported by the observations in both siblings of bilateral, symmetric white matter tract degeneration and equal loss of both axons and myelin, which are findings highly characteristic of primary neuroaxonal loss with secondary demyelination. This is further supported by the progression of pyramidal tract degeneration from medullary to subcortical levels, and sequential loss of white matter proceeding from the dentate nuclei and superior cerebellar peduncles to involve the cerebellar white matter and remaining peduncles, and confirms the report of Suzuki et al and recent brain MRI data from N-ALD and bifunctional enzyme deficiency (Suzuki et al 2002; van der Knaap et al 2012) . This type of "dying-back" axonopathy due to neuronal degeneration and loss in motor cortex has been previously demonstrated in amyotrophic lateral sclerosis (Brownell et al 1970; Terao et al 1995; Iwata et al 2011) .
Recognizing the hazards of drawing conclusions from one patient, we deduce from our experience with HSCT in patient 2 and the collective experience of HSCT for X-ALD that transplant for disorders of VLCFA accumulation may only be effective for treating inflammatory white matter disease, not for mitigating VLCFA toxicity to gray matter (Berciano 1982 ). Since we demonstrated that ACOX1-deficient neural stem cells from patient 1 accumulate VLCFA, it is consistent with the observation that VLCFA has toxic and proinflammatory effects on neurons, leading to progressive gray matter atrophy and secondary demyelination (Hein et al 2008; El Hajj et al 2012) . In summary, each patient reported herein provides unique insight into the nature of ACOX1 deficiency. Our report provides first-time outcome of hematopoietic stem cell transplantation, as well as longitudinal neuroimaging and detailed neuropathology of the condition. Finally, our development of an ACOX1-deficient neural stem cell line provides a powerful tool to study the pathogenesis of, and test potential treatments for, peroxisomal disorders arising from VLCFA accumulation.
